Abstract Pattern recognition scavenger receptor SRA/ CD204, primarily expressed on specialized antigenpresenting cells (APCs), including dendritic cells (DCs) and macrophages, has been implicated in multiple physiological and pathological processes, including atherosclerosis, Alzheimer's disease, endotoxic shock, host defense, and cancer development. SRA/CD204 was also recently shown to function as an attenuator of vaccine response and antitumor immunity. Here, we, for the first time, report that SRA/CD204 knockout (SRA −/− ) mice developed a more robust CD4 + T cell response than wild-type mice after ovalbumin immunization. Splenic DCs from the immunized SRA −/− mice were much more efficient than those from WT mice in stimulating naïve OT-II cells, indicating that the suppressive activity of SRA/CD204 is mediated by DCs. Strikingly, antigen-exposed SRA −/− DCs with or without lipopolysaccharide treatment exhibited increased T-cellstimulating activity in vitro, which was independent of the classical endocytic property of the SRA/CD204. Additionally, absence of SRA/CD204 resulted in significantly elevated IL12p35 expression in DCs upon CD40 ligation plus interferon gamma (IFN-γ) stimulation. Molecular studies reveal that SRA/CD204 inhibited the activation of STAT1, mitogen activated protein kinase p38, and nuclear factor-kappa B signaling activation in DCs treated with anti-CD40 antibodies and IFN-γ. Furthermore, splenocytes from the generated SRA −/− OT-II mice showed heightened proliferation upon stimulation with OVA protein or MHC-II-restricted OVA 323-339 peptide compared with cells from the SRA +/+ OT-II mice. These results not only establish a new role of SRA/CD204 in limiting the intrinsic immunogenicity of APCs and CD4 + T cell activation but also provide additional insights into the molecular mechanisms involved in the immune suppression by this molecule.
Introduction
Scavenger receptors (SRs) represent a large family of protein molecules with diverse structures and a broad ligand-binding specificity [1] . Scavenger receptor A (SRA), also termed CD204 or macrophage scavenger receptor, is the prototypic member of the family and was initially identified because of its ability to bind and internalize modified low-density lipoprotein [2] . A large body of information supports the role of SRA/CD204 in the pathogenesis of atherosclerosis and host defense through pathogen recognition and clearance [3] [4] [5] . In addition, subsequent studies have also revealed other features of this multifunctional molecule. While SRA/CD204 displays a protective role in endotoxic shock [6] , Alzheimer's disease [7] , and hyperoxia-induced lung injury [8] , it has been shown to contribute to the pathophysiology of cerebral ischemic injury [9] . Moreover, germline mutations and sequence variants of SRA/CD204 gene have been reported to play a role in the development of prostate cancer albeit with ethnic-specific differences in risk estimates [10, 11] .
SRA/CD204 is expressed primarily on phagocytic cells or antigen presenting cells (APCs) involved in immune functions, such as dendritic cells (DCs) and macrophages. These specialized APCs use a repertoire of pattern recognition receptors (PRRs), e.g., toll-like receptors (TLRs) and SRs, to constantly sample or sense their surroundings for the presence of stress or "danger" signals (e.g., foreign pathogens, tissue injury, and pathology) [12] . Effective recognition of the ligands by PRRs and initiation of host immune responses involve coordinated signaling and endocytic pathways. These professional APCs, such as DCs, are also crucial in stimulating and instructing naïve T cells during the immune responses [13] . Emerging evidence suggests that PRRs, including TLRs [14] , Fc receptors [15] , DEC-205 (CD205) [16] , DC-SIGN [17] , and mannose receptor [18] , play important roles in regulating the functions of DCs and maintenance of immune homeostasis as well as host defense. Indeed, early studies suggested that chemical modification of antigens for targeting to SRs increases the immunogenicity of these antigens [19] [20] [21] . Several SRs, including SRA/CD204, have been reported to mediate uptake of stress proteins and their associated antigens [22] [23] [24] [25] . However, the mechanisms of SRA/ CD204 action in antigen presentation and adaptive immunity remain poorly defined.
Despite the implication of SRA/CD204 in ligand binding and internalization, we recently made an unexpected discovery showing that SRA/CD204 was capable of attenuating vaccine response and antitumor immunity [26] . That lack of SRA/CD204 markedly promoted vaccine-elicited tumor-protective immunity may be attributed to the enhanced DC functions and activation of cytotoxic CD8 + T lymphocytes [26] [27] [28] . Downregulation of the ability of DC to stimulate CD8 + T cells and tumor immunity by SRA/CD204 has been reported in the context of the cross-presentation of soluble antigens [27] as well as cell-associated antigen [28] . However, it is not clear whether the SRA/CD204 also influences DC-mediated activation of antigen-specific CD4 + T cell response. Given that CD4 + T cells play critical roles in orchestrating the adaptive immune responses, we sought to determine the functional significance of SRA/CD204 in the stimulation of antigen-specific CD4 + T cells. Our studies using various model systems demonstrate that absence of SRA/CD204 on DCs greatly enhances the activation of OVA-specific CD4 + T cells in vitro and in vivo. We also provide biochemical evidence showing that the SRA/CD204-mediated immune modulation may be attributed to its ability to downregulate the activation of Janus kinase 1 (JAK)/signal transducer and activator of transcription (STAT1), mitogen-activated protein kinase (MAPK) p38 and nuclear factor-kappa B (NF-κB) signaling, which are critical for production of IL-12 by DCs in the presence of CD40 ligation and interferon gamma (IFN-γ) signal. Our findings support the notion that SRA/CD204 on APCs functions as an immunosuppressive molecule capable of restricting CD4 + T cell activation and may serve as a basis for the rational design of novel strategies targeting SRA/ CD204 to achieve improved immunotherapeutic efficacy against cancer and other diseases.
Materials and methods
Mice and cell lines Wild-type (WT) C57BL/6 mice were obtained from National Cancer Institute (Bethesda, MD, USA). SRA/CD204 knockout mice (SRA −/− ) on C57BL/6 background that have been backcrossed for at least ten generations were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). OT-II mice carrying TCR transgene specific for chicken OVA 323-339 peptide were purchased from Taconic (Hudson, NY, USA). SRA −/− mice were crossbred with OT-II mice to generate SRA/CD204 deficient OT-II transgenic mice (SRA −/− OT-II). For screening transgenic mice, genomic DNA was isolated from tail biopsies and analyzed by PCR using the following primers: SRA/CD204 knockout (forward 1, 5-GAGGTT CCGCTACGACTCTG-3; forward 2, 5-CCGGACAAG T T T T T C AT C G T-3 ; r e v e r s e , 5 -T G G AT G T G G A ATGTGTGCGA G-3), OT-II transgene (forward, 5-GCTG CTGCACAGACCTACT-3; reverse, 5-CAGCTCACC TAACACGAGGA-3 To determine antigen-specific cytokine producing T cells, splenocytes or lymph node cells were prepared from mice 1 week after booster immunization and subjected to enzyme-linked immunosorbent spot (ELISPOT) assays as previously described [27] . 
CD25
− T cells was determined using 3 H-thymidine (TdR) incorporation assays. Culture supernatant was analyzed for cytokine levels using ELISA kits (eBioscience, San Diego, CA, USA).
DC generation and isolation from mice Bone marrow (BM)-DCs were generated by culture of mouse BM cells in the presence of granulocyte macrophage colonystimulating factor as described previously [27] . To prepare splenic DCs, spleens were minced and digested in RPMI media containing collagenase D (1 mg/ml) and DNase I (100 ng/ml) for 90 min at 37°C. After filtration through a 70-μm sieve, CD11c + DCs were isolated by positive selection with CD11c antibody (N418)-coated microbeads on magnetic-activated cell-sorting columns (Miltenyi Biotec, Auburn, CA, USA).
Receptor-mediated endocytosis assays DCs were incubated with DQ-OVA (10 μg/ml) at 4°C for 30 min. Cells were washed to remove unbound proteins and continued to incubate for indicated times at 37°C. Cells were harvested and subjected to immunoblotting or FACS analyses for the DQ-OVA protein levels and florescence intensity due to DQ-OVA degradation, respectively.
T cell stimulation in vitro BM-DCs were pulsed with OVA, DQ-OVA or OVA 323-339 at 37°C for 3 h, and stimulated with or without PAM 3 CSK 4 (5 μg/ml), poly (I:C) (25 μg/ml), LPS (500 ng/ml), ssRNA40 (5 μg/ml), or CpG1826 (5 μg/ml) for additional 2 h. After washes, DCs were incubated with 5×10 4 OT-II cells at different ratios as indicated for 72 h. T cell proliferation was measured using 3 Activation of DCs by anti-CD40 mAbs plus IFN-γ WT and SRA −/− DCs (2× 10 6 cells/well) were suspended in RPMI-1640 medium containing 10% fetal bovine serum in a final volume of 1 ml with mouse anti-CD40 mAbs (FGK45, 20 μg/ml) from BioXcell (West Lebanon, NH, USA) and recombinant mouse IFN-γ (100 ng/ml) from BioLegend (San Diego, CA, USA). As a control, an equivalent quantity of soluble IFN-γ was added to the medium. Twenty-four hours later, intracellular IL12p35 messenger RNA (mRNA) levels were measured using real-time PCR and normalized to β-actin gene. The identification number for Il12p35 is Mm00434169_m1. Real-time PCR was performed on the ABI 7900HT Fast Real-time PCR System using TaqMan® Universal PCR Master Mix and TaqMan® Gene Expression Assays probe and primer mix (Applied Biosystem, Foster City, CA, USA).
Western blotting Protein lysates prepared using RIPA buffer (50 mM Tris, 150 mM NaCl, 1% NP-40, pH 7.4.) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes. Membranes were probed with specific antibodies against phospho-STAT1, phospho-P38, phospho-NF-κB p65, STAT1, p38, NF-κB p65 (Cell Signaling Technology, Danvers, MA, USA), or β-actin (AC-15, Sigma-Aldrich, St. Louis, MO, USA) followed by horseradish peroxidaseconjugated secondary antibodies. Reactions were visualized by enhanced chemiluminescence reagents (Amersham Biosciences).
Statistical analysis Differences between groups within experiments were tested for significance with Student's t test using GraphPad Prism software (GraphPad, San Diego, CA, USA). Values of p<0.05 were considered statistically significant.
Results
Immunization with OVA-MPL induces a robust OVA-specific CD4 + T cell response in SRA −/− mice Our earlier observations of an enhanced antigen-specific CD8 + T cell response in immunized SRA/CD204 knockout mice [27] prompted us to examine whether SRA/CD204 also affected MPL-induced activation of antigen-specific CD4 + T cells. MPL is a chemically modified form of LPS with significantly less toxicity and has been tested extensively in clinical trials as a vaccine adjuvant [29] . An adoptive T cell transfer model was initially exploited to evaluate the potential effect of SRA/CD204 on priming of OVA-specific naïve CD4 + T cells in vivo. CFSE-labeled CD4 + T cells from the OT-II transgenic mice were transferred into WT or SRA −/− mice, followed by OVA-MPL immunization. As expected, OT-II cells expanded actively in response to the OVA vaccination. However, immunized SRA −/− mice showed a stronger proliferation of OT-II cells in both draining lymph nodes ( Fig. 1a) and spleen ( Fig. 1b) compared with WT mice. We next determined the effect of SRA/CD204 on the endogenous OVA-specific CD4 + T cells using ELISPOT assays. In consistent with the proliferation data (Fig. 1a, b) , splenocytes from OVA-MPL immunized SRA −/− mice produced significantly higher levels of IFN-γ upon stimulation with MHC-II restricted OVA 323-339 peptide than those from WT mice (Fig. 1c) .
Given that SRA/CD204 is highly expressed on DCs [27] , we examined T-cell-stimulating capability of splenic DCs purified from the OVA-MPL immunized mice using magnetic beads. Splenic DCs isolated from SRA −/− mice were more efficient than those from WT mice in stimulating naïve OT-II cells to proliferate ( (Fig. 3d) , as indicated by cell proliferation and cytokine (IFN-γ and IL-2) production assays.
SRA/CD204 suppresses the ability of DCs to stimulate OVA-specific CD4 + T cells in vitro
Given the enhanced OVA-specific CD4 + T response in OVA-MPL-immunized SRA −/− mice, we compared the ability of BM-DCs to stimulate OVA-specific naïve OT-II cells in vitro. Upon OVA protein-pulsing and subsequent LPS treatment to activate DCs, SRA −/− DCs were more effective than WT DCs in stimulating OT-II cell proliferation, as indicated by a significant increase in the incorporation of 3 H-TdR (Fig. 4a) . Consistent with the data from the OT-II cell proliferation assays, higher levels of IL-2 were present in the supernatants when OT-II cells were co-cultured with SRA −/− DCs than with WT DCs (Fig. 4b) .
We extended our analysis of SRA/CD204 effect on DC functions in response to the stimulation with other TLR ligands, including PAM 3 CSK 4 (TLR1/TLR2), poly (I:C) (TLR3), ssRNA40 (TLR7), and CpG1826 (TLR9). It was seen that SRA −/− DCs stimulated OT-II cells more effectively than WT DCs following treatment with PAM 3 CSK 4 and CpG1826, as indicated by T cell proliferation and IL-2 production (Fig. 4c, d ). However, poly(I:C)-treated SRA −/− DCs stimulated a weaker CD4 + T cell activation than WT DCs. It was most likely due to the fact that SRA/CD204 functions as a surface receptor for doublestranded RNA and is required for the entry of poly(I:C) as well as subsequent induction of a pro-inflammatory response [30, 31] . In addition, ssRNA40-treated DCs did not appear to efficiently induce a robust CD4 + T cell activation, which could be explained by low expression levels of TLR7 in bone marrow-derived DCs used in our studies [32] .
We next examined whether SRA/CD204 could negatively regulate the immunogenicity of DCs in the absence of inflammatory stimulation (e.g., LPS). WT and SRA −/− DCs stimulated activation of naïve OT-II cells in an antigen dose-dependent manner (Fig. 4e, f) . DCs pulsed with low dose of endotoxin-free OVA protein (10 μg/ml) failed to stimulate OT-II cells in the absence of LPS treatment, which is known to provide additional co-stimulatory or inflammatory signals for functional activation of DCs. However, significant stimulation of OT-II cells by DCs was observed when OVA protein was present at high concentrations (Fig. 4e, f) , indicating that high concentrations of antigen were required for T cell stimulation in the absence of LPS. These results are also consistent with a recent study showing the low efficiency of antigen presentation in DCs without stimulation with pathogenassociated molecule, such as LPS [33] . Surprisingly, the enhanced ability of SRA −/− DCs to stimulate OT-II cell proliferation in the absence of LPS was evident when DCs encountered high concentrations of OVA protein, indicated by OT-II cell proliferation (Fig. 4e ) and IL-2 production (Fig. 4f) . We also examined mice immunized with OVA in the absence of MPL; however, no significant difference in OVA-specific immune response was seen in WT and SRA −/− mice (data not shown), probably due to the weak immunogenicity of antigen in the absence of immunostimulatory adjuvant as well as the various tolerance mechanisms in vivo.
Effect of SRA/CD204 on the receptor-mediated endocytosis of soluble antigen by DCs BODIPY-conjugated OVA (DQ-OVA) is a self-quenched conjugate of ovalbumin that exhibits bright green fluores- cence upon proteolytic degradation. Considering the previously reported endocytic activity of SRA/CD204, we evaluated the potential impact of SRA/CD204 on receptor-mediated endocytosis of DQ-OVA. DCs were incubated with DQ-OVA at 4°C in which only receptormediated binding occurred. After washing to remove unbound proteins, DCs were transferred to 37°C and cultured for various times as indicated. Immunoblotting analysis of the levels of DQ-OVA showed that the lack of SRA/CD204 resulted in a modest reduction in the binding of DQ-OVA to DCs at 4°C (Fig. 5a) . As a result, DQ-OVA internalization was decreased accordingly in SRA −/− DCs compared with WT DCs when cells were shifted to 37°C (Fig. 5a ). As expected, FACS analysis showed that WT DCs also exhibited greater fluorescence than SRA −/− DCs 1 h after cells were transferred to 37°C, indicating the degradation of internalized DQ-OVA (Fig. 5b) , which is consistent with the immunoblotting result (Fig. 5a ).
SRA/CD204 absence enhances T-cell-stimulating activity of DCs independent of antigen processing
We next asked the question of whether the decreased uptake of DQ-OVA in the absence of SRA/CD204 might lead to reduced T-cell-stimulating capability of DCs. Surprisingly, even without LPS treatment, DQ-OVA-pulsed SRA −/− DCs were more efficient than WT DCs in activating naive OT-II cells, as evidenced by increased OT-II cell proliferation (Fig. 5c ) as well as cytokine production of IFN-γ (Fig. 5d ) and IL-2 (Fig. 5e) . DQ-OVA appeared to be more immunogenic than OVA in that DCs exposed to low dose of DQ-OVA (20 μg/ml) were able to effectively stimulate OT-II cells, whereas high concentrations of unmodified OVA (100-200 μg/ml) were required to induce OT-II proliferation (Fig. 4c, d ). It could be attributed to the chemical modification of protein (e.g., BODIPY-conjugation of OVA), which is known to alter the immunogenicity of antigen. 
CD25
− effector T cells upon stimulation of CD3/CD28 mAb was examined using (Fig. 6a) , which is consistent with the antigen pulsing study using OVA protein. In addition, SRA −/− DCs pulsed with a high dose of OVA 323-339 peptide also showed more efficient T-cell-stimulatory activity compared with WT DCs when co-cultured with OT-II cells at different ratios (Fig. 6b) . These results suggest that regulation of Tcell-stimulating functions of DCs by SRA/CD204 may not involve endocytic and antigen processing pathways.
SRA/CD204 downregulates IL12p35 gene expression by inhibiting JAK/STAT1, MAPK p38, and NF-κB signaling upon CD40 ligation and IFN-γ stimulation It has been reported that DC activation can also be induced by CD4 + T helper cells [34, 35] . It was proposed that DCs were pulsed with different concentrations of OVA protein for 3 h and co-cultured with OT-II at 1:10 ratio for 72 h. Cell proliferation and IL-2 production were analyzed using CD40L-CD40 interaction induced DC activation is a physiological event that occurs when activated CD4 + T cells interact with DCs [34, 35] . Therefore, we examined whether stimulatory signals provided by CD4 + T helper cells could alter DC activation status in the absence of SRA/CD204. In our study, treatment of anti-CD40 mAbs alone failed to induce the expression of IL12p35 (data not shown). This is consistent with the previous report by Osada et al. [36] showing that induction of IL-12 via CD40-CD40L interaction in DCs required IFN-γ as a complementary signal. Therefore, IFN-γ alone or IFN-γ in combination with anti-CD40 mAbs were used to stimulate WT and SRA −/− DCs. Quantitative RT-PCR analysis showed that treatment with IFN-γ alone did not induce Il12p35 expression; however, treatment with IFN-γ plus anti-CD40 mAbs induced higher mRNA levels of Il12p35 in SRA −/− DCs than in WT DCs (Fig. 6c) .
It was recently demonstrated that activation of JAK/ STAT1 signaling was critical for CD40 signal induced IL-12 production [37] . To provide insights into the molecular mechanisms underlying SRA/CD204-mediated immune regulation, we investigated the activation of STAT1 signaling pathways in WT and SRA −/− cells after stimulation using anti-CD40 mAbs in combination with IFN-γ. We initially confirmed that anti-CD40 mAbs plus IFN-γ, but not anti-CD40 mAbs alone, could induce STAT1 phosphorylation in DCs (Fig. 6d ). This observation also provides an explanation of why anti-CD40 mAbs alone failed to efficiently induce the IL-12 expression. Strikingly, treatment with anti-CD40 mAbs plus IFN-γ resulted in stronger activation of STAT1 in SRA −/− DCs than in WT cells, as indicated by increased phosphorylation of STAT1 (Fig. 6e) . Furthermore, increased activation of MAP kinase p38 and NF-κB p65 were also seen in stimulated SRA −/− DCs compared to WT counterparts (Fig. 6e) .
OT-II cells from the SRA −/− OT-II transgenic mice display increased proliferation upon OVA stimulation
To further determine the regulatory effect of SRA/CD204 on antigen-specific CD4 + T cell activation, we generated the homozygous SRA −/− OT-II transgenic mice by crossbreeding the SRA −/− mice and the OT-II mice. Genotyping analysis confirmed that the mice carried both SRA/CD204 deficiency and OT-II TCR (Fig. 7a) . FACS (Fig. 7b) and immunoblotting ( Fig. 7c) analyses also validated the absence of SRA/CD204 expression on splenocytes from the SRA −/− OT-II transgenic mice. It should be noted that, although rat mAbs 2F8 was reported to fail to react with SRA/CD204 on cells or tissues from C57BL/6 mice because of the SRA/CD204 polymorphism [38] , our present and previous work [27] as well as studies from other independent groups [39] [40] [41] [42] showed that these antibodies could recognize SRA/CD204 on C57BL/6 micederived cells in immunofluorescence staining and FACS assays. The reason for the discrepancy is not clear. The lack of SRA/CD204 had little effect on the development of OT-II cells (Fig. 7d) . Upon stimulation with OVA protein (Fig. 7e) or OVA 323-339 peptide (Fig. 7f) , splenocytes from the SRA −/− OT-II transgenic mice showed a more robust proliferation than those from the SRA +/+ OT-II mice when high concentrations of antigens were present, which was consistent with the results obtained from studies of OVA protein or peptide-pulsed DCs (Figs. 4c and 6a) .
Discussion
SRA/CD204 is an important PRR known to bind a wide range of pathogen associated molecules as well as selfmolecules and exhibits multifunctional roles in the cellular processes and host response [43] . The present study has extended our early findings of SRA/CD204 as a negative regulator of adaptive immunity [26] [27] [28] and demonstrated that SRA/CD204 is capable of downregulating antigen-specific CD4 + T cell response. Furthermore, we have provided the first evidence showing that SRA/ CD204 can alter the intrinsic immunogenicity of mouse DCs in the context of activation of antigen-specific CD4 + T cells.
In support of our previous observation that lack of SRA/ CD204 resulted in enhanced OVA-specific CD8 + T cell responses following OVA-MPL vaccination [27] , we have shown that SRA/CD204 knockout mice developed a more potent OVA 323-339 -specific CD4 + T cell response compared to WT mice, as indicated by robust proliferation and IFN-γ production of adoptively transferred OT-II cells as well as endogenous OVA-specific CD4 + T cells. The similar enhancement of OVA-specific CD4 + and CD8 + T cell activation in the absence of SRA/CD204 indicates that there is no apparent preference of the SRA/CD204 effect on these T effector cells, at least in the context of OVA-MPL vaccination. Interestingly, the lack of SRA/CD204 does not influence the induction and regulatory activity of CD4 + CD25 + Foxp3 + Tregs in the experimental setting examined in the present study. which is consistent with the proposed role that SRA/CD204 plays in the attenuation of immunostimulatory adjuvant (e.g., MPL or LPS) induced inflammatory signaling in DCs and subsequent DC maturation/activation [27] . These results are also in line with other reports showing that SRA/CD204 serves as a negative regulator during inflammatory responses [6, [44] [45] [46] and as a limiting factor in LPS-induced DC maturation [47] . Indeed, our recent studies demonstrated that SRA/CD204 directly interfered the ubiquitination of TRAF6, a signaling adaptor downstream of TLR4, resulting in attenuation of the activity of NF-κB and consequent activation of inflammatory cytokines (e.g., TNF-α, IL-6, IP-10) [48] . Several lines of evidence suggest that antigen modification for targeting to scavenger receptors for improved delivery and uptake leads to the induction of an increased T cell response [19] [20] [21] 49] . Scavenger receptor-mediated endocytosis of OVA was recently shown to target OVA to lysosomes for MHC-II-restricted presentation [18] . However, the precise role of individual receptors, such as SRA/CD204, was not examined in this context. Our study of binding and uptake of BODIPY-modified OVA (i.e., DQ-OVA) showed that SRA/ CD204 contributes to the recognition and capture of DQ- + T cells recognizing gp100, an antigen naturally expressed in human and mouse melanoma [27] . Collectively, SRA/CD204 appears to be directly involved in the negative regulation of T cell activation by DCs. The evidence supporting our conclusion also came from our previous studies of the impact of SRA/CD204 on stress protein-based vaccine activity. Despite SRA/CD204 has been shown to participate in binding and internalization of stress proteins [23, 24] , the lack of SRA/CD204, however, led to a greater antitumor response augmented by stress protein vaccines [26] . Given that scavenger receptors represent a rapidly expanding protein family, it is likely that individual scavenger receptors may display distinct activities in sensing of stress signals or sampling of extracellular antigens, therefore resulting in distinct immune outcomes. Indeed, it was recently shown that two other scavenger receptor members, LOX-1 and SREC, were required for hsp70-mediated antigen cross-presentation and T cell activation [22, 25] .
We also present the first evidence showing that SRA/ CD204 acts as a suppressor of T-cell-stimulating capability of DCs in the absence of inflammatory stimulus provided by LPS, an agonist for TLR4. However, this suppressive effect is more evident when antigens (e.g., OVA protein or OVA 323-339 peptide) are present in relatively high concentrations. It is not surprising because a high dose of antigen is generally required to stimulate T cells if co-stimulation signals are lacking or weak. Moreover, splenocytes from the SRA −/− OT-II transgenic mice proliferate more rigorously than those from the SRA +/+ OT-II mice upon stimulation with high concentrations of OVA antigens in the absence of LPS, which further underscores the functional significance of SRA/CD204 in the stimulation of antigen-specific CD4 + T cell. Our findings indicate that SRA/CD204 not only attenuates immunostimulatory adjuvant or cell-lysate-triggered DC activation as previously described [27, 28, 48] but also acts as an intrinsic immunoregulator to limit DC functions during physiologic stimulation of CD4 + T cells.
It is suggested that CD40L on activated CD4 + T cells binds to CD40 on DCs, therefore promoting DC activation [34, 35] . In the present study, SRA −/− DCs express higher levels of IL12p35 than WT counterparts upon stimulation with anti-CD40 mAbs in combination with IFN-γ, which mimics a physiological mode of DC-T cell interaction. This result is consistent with earlier observations of enhanced IL-12 levels in SRA −/− DCs and macrophages after stimulation with pathogen-associated molecules [27, 44] . Furthermore, we demonstrate that absence of SRA/CD204 in DCs markedly increased signaling activation of STAT1 and p38, both of which have been shown to play important roles in IL-12 production [37, 50] . These findings provide a molecular basis for SRA/CD204-mediated suppression of DC functions during interactions with CD4 + T cells (e.g., CD40 ligation and IFN-γ signal). In addition, it has been documented that tumor necrosis factor receptor-associated factor 6 (TRAF6) is required for CD40-induced activation of NF-κB and p38 pathways [51, 52] , and interference with CD40-TRAF6 signaling results in the polarization of macrophages toward an anti-inflammatory regulatory M2 signature [53] . Interestingly, we recently found that SRA/ CD204 downregulated LPS-induced activation of NF-κB and production of inflammatory cytokines via blocking TRAF6 functions [48] . Indeed, the activation of NF-κB in anti-CD40 plus IFN-γ treated DCs, as indicated by the phosphorylation of p65, was also significantly increased in the absence of SRA/CD204. Therefore, our data not only establish an immune-suppressive role of SRA/CD204 in DCs by attenuating the production of Th1 cytokine (i.e., IL-12) through blocking activation of STAT1, NF-κB, and p38 signaling pathways but also reinforce the less appreciated feature of this molecule in signaling modulation.
SRA/CD204 is generally considered as phenotypic marker for M2 macrophages [54] , which is shown to suppress T cell activation by producing lower levels of IL-12 and higher levels of IL-10. Intriguingly, SRA/CD204 knockout mice displayed reduced levels of LPS-induced IL-10 compared to WT mice [55] . M2 macrophages, together with other immune regulatory cells, including tumor-associated macrophage and tumor-derived suppressor cells are involved in the suppression of antitumor T cell response, thus facilitating tumor progression and invasion [56, 57] . We propose that, besides acting as a pattern recognition molecule, SRA/CD204 represents a negative immune modulator on DCs and possibly other myeloid cells as well in the context of T cell activation. Indeed, DCs from tumor tissues had substantially higher levels of SRA/ CD204 than cells from secondary lymphoid tissues, which correlated with increased suppressive activities of those DCs from the tumor microenvironment [58] . We also observed an increased expression of SRA/CD204 in DCs and macrophages exposed to tumor or tumor-conditioned medium (H.W. and X.-Y.W., unpublished data). However, more studies are necessary to define the molecular mechanisms of SRA/CD204 action on APCs in different immunological contexts.
Taken together, we have critically assessed the immune regulatory functions of SRA/CD204 using independent model systems and established an important role for SRA/ CD204 in suppressing the stimulatory capacity of DCs as well as the activation of antigen-specific CD4 + T cells. Our studies provide new insights into the under-appreciated features of scavenger receptors on DCs, SRA/CD204 in particular, in modulation of the adaptive immunity. Unraveling the precise immunologic activities of SRA/CD204 and other pattern recognition scavenger receptors should provide new opportunities to develop potential strategies to target the activity of this diverse family of receptors for therapeutic benefits in treating cancer and other diseases.
